As opposed to other invasive pathogens that reside into host cells in a parasitic mode, Shigella, the causative agent of bacillary dysentery, invades the colonic mucosa but does not penetrate further to survive into deeper tissues. Instead, Shigella invades, replicates, and disseminates within the colonic mucosa. Bacterial invasion and spreading in intestinal epithelium lead to the elicitation of inflammatory responses responsible for the tissue destruction and shedding in the environment for further infection of other hosts. In this article, we highlight specific features of the Shigella arsenal of virulence determinants injected by a type III secretion apparatus (T3SA) that point to the targeting of intestinal epithelial cells as a discrete route of invasion during the initial event of the infectious process. S higella spp. are Gram-negative enteroinvasive bacteria responsible for diarrheal diseases. Shigella dysenteria and Shigella flexneri are responsible for bacillary dysentery, associated with epidemics and the endemic form of the disease, respectively, mostly in developing countries in children under the age of 5 with an estimated 100 million cases yearly. There is no known reservoir of these enteropathogenic bacteria, and transmission has been mostly reported from human-to-human through feco-oral contamination. On ingestion, Shigella invades the colonic mucosa in which it elicits an intense inflammatory reaction responsible for tissue destruction. In its most severe forms, Shigella infections are associated with the dysenteric syndrome with the emission of bloody, mucopurulent stools, and eventually death. Other intestinal complications include renal failure associated with the hematouremic syndrome and bacterial expression of the Shiga toxin, as well as rheumatoid arthritis.
PART I. THE INFECTIOUS STRATEGY OF SHIGELLA

Shigella, a Pathogenic Escherichia coli Adapted to Intracellular Lifestyle
Although related to enteroinvasive E. coli responsible for similar symptoms, phylogenetic analysis indicates that Shigella has evolved from a commensal E. coli, through horizontal gene transfer and genomic mutations in a pathoadaptative process. Hence, as opposed to E. coli commensals, Shigella presents mutations in genes encoding enzymes, such as spermidine acetylase, lysine decarboxylase, and arginine acetyltransferase, which regulates the polyamine contents in bacteria shown detrimental to the infection process (Bliven and Maurelli 2012; Prosseda et al. 2012) . Also, Shigella does not express any known adhesin or curlin, does not form biofilm, and is nonmotile because of the lack of flagellum expression. Instead, Shigella expresses IcsA, a surface protein allowing intracellular motility, required for bacterial spreading in intestinal epithelial cells (Bliven and Maurelli 2012) . Importantly, Shigella carries a large virulence plasmid encoding the majority of the virulence determinants, including a T3SA allowing the injection of bacterial effectors into host cells to divert cellular processes.
Environmental Cues for the Regulation of Virulence Genes
How Shigella persists in the environment is not known. There are, however, environmental conditions that turn on virulence genes, allowing bacteria to invade and to replicate within the colonic mucosa. Under low temperature and low osmolarity conditions, corresponding to environmental conditions, the H-NS repressor inhibits the expression of the VirF master transcriptional regulator, and thereby the expression of virulence genes (Dorman et al. 2001) . On ingestion by the host, the temperature shift leads to the activation of VirF, which induces the expression of another transcriptional regulator VirB (Dorman et al. 2001) . VirB directly controls the synthesis of virulence genes, including that of the type III secretion system (T3SS). The acidic pH conditions encountered in the stomach activate the RpoS-dependent expression of periplasmic proteins allowing acid resistance, as well as the CpxA/CpxR two-component system, which, together with the temperature and osmolarity, control the expression of VirF/VirB (Marteyn et al. 2012 ). The conditions encountered in the colon trigger the expression of genes involved in anaerobic energy metabolism, modification of the LPS and outer membrane layers, resistance to oxidative stress, as well as that of various transcriptional regulators, including FNR. FNR was shown to regulate the synthesis of the T3SA genes, resulting in secretion apparatus with elongated needles, presumably primed but repressed for injection of effectors. At the close vicinity of colonic intestinal epithelial cells, the microaerophilic environment leads to FNR repression and activation of secretion to promote bacterial invasion (Marteyn et al. 2010) . In the intracellular environment, carbon source and iron limitation may also regulate the expression of VirF/VirB-dependent genes.
The expression of T3SA substrates is subjected to another level of regulation dependent on the secretion activity. Among the 25 identified T3S effectors, 16 are constitutively expressed at the basal state ( Fig. 1) (Parsot 2009 ). These include the Ipa proteins implicated in invasion, which on cell contact, are injected to induce cytoskeletal reorganization. Thirteen effectors, however, are up-regulated following induction of secretion under intracellular growth conditions. Transcriptional control of these genes is performed by MxiE. MxiE senses the secretory state of the T3SA through its binding to IpgC, a chaperone of IpaB and IpaC, as well as to the T3SA substrate OspD1 . On activation of the T3SA, secretion of IpaB and IpaC leads to the release of free IpgC in the bacterial cytoplasm (Mavris et al. 2002) . Secretion of OspD1 that sequesters MxiE at basal state, leads to increased levels of free MxiE, which presumably in association with IpgC, up-regulate the transcription of a second wave of type III secretion (T3S) effectors. As will be developed further, the function of these second wave effectors for those characterized, is consistent with a strategy of a "discrete" intracellular replication, where the bacteria prevents inflammation and alert signals.
and experiments performed in rabbit ileal loops indicate that the inhibition of inflammation through the perfusion of IL-1 Ra, an antagonist of IL-1 receptor-mediated signaling, prevents not only tissular destruction but also bacterial dissemination in the intestinal mucosa (Phalipon and Sansonetti 2007) . This has led to speculation that inflammation is triggered by the bacteria for efficient tissue colonization. Consistently, on ingestion by macrophage, Shigella was shown to induce cell death in a so-called "pyroptotic" process, involving the cleavage of caspase-1 and the release of proinflammatory IL-1b and IL-18 (Zychlinsky et al. 1992; Sansonetti et al. 2000) . Using an icsA mutant deficient for cell-to-cell spreading, it was observed that Shigella invades at the levels of Peyer's patches, through M-cells of the follicle-associated epithelium (Sansonetti and Phalipon 1999) . Via this route of entry, Shigella-induced pyroptotic death of macrophage leads to the recruitment of polymorphonuclear cells and contributes to the destabilization of the epithelial layer, thus permitting de novo invasion of intestinal epithelial cells through a basolateral route. The rabbit ileal loop infection model, however, does not allow the study of primary events during Shigella infection. Although relatively inefficient in vitro, Shigella invasion can occur at the apical surface of polarized intestinal epithelial cells Figure 1 . The control of cell responses by Shigella T3S effectors. Shigella T3S effectors are shown in yellow and purple boxes. The T3S effectors boxed in blue represent those for which a function has been assigned. T3S effectors that are constitutively expressed (yellow box) or up-regulated following cell-contact induction of secretion (boxed in purple) and activation by MxiE. On cell contact, IpaB and IpaC insert into the host-cell membrane to form the "translocon," required for the induction of InsP 3 -dependent Ca 2þ responses. The targets of T3S effectors involved in Shigella invasion are boxed in green. IpaC, through its carboxy-terminal domain induces the recruitment and activation of the Src kinase. IpgB1 and IpgD, together with IpaC, participate in actin polymerization and membrane ruffle formation by targeting ELMO/Dock and hydrolyzing PIP 2 , respectively. IpgB2 that activates Rho, and IpaA that binds to vinculin, further reorganize the actin cytoskeleton to promote invasion. IcsB prevents autophagic responses by inhibiting binding of Atg5 to IcsA. The targets of T3S effectors that down-regulate inflammation are boxed in red. VirA prevents autophagy and IL-8 secretion through its GAP activity toward Rab1. VirA also inhibits microtubule polymerization to favor actin-based motility. Among the T3S effectors up-regulated by MxiE, OspF prevents the activation of the p38 and Erk2 MAP kinases via its phospho-threonine lyase activity. OspE reinforces cell adhesion by targeting ILK. The targets of OspG, OspI, OspZ, IpaH4.5, and IpaH9.8 that down-regulate NF-kB activation are indicated.
( Fig. 2 ). This infection route, which only involves discrete sites of the intestinal epithelial layer, may have been overlooked in studies using an icsA mutant deficient in cell-to-cell spreading. In recent years, the functional characterization of various T3S second wave effectors suggests that discrete invasion of intestinal epithelial cells by Shigella represents a route, in which the down-regulation of inflammation is required for bacterial replication and dissemination.
Following cell invasion, Shigella lyses the phagocytic vacuole to replicate intracellularly (Fig. 3) . During intracellular replication, Shigella moves by polymerizing actin at one bacterial pole, forming actin comet tails, allowing the formation of bacteria-containing protrusions at the cell plasma membrane that invade adjacent cells. Following lysis of the donor and recipient cell membranes, bacteria reinitiate intracellular replication to disseminate into the epithelium. Bacterial intracellular replication occurs at a doubling time estimated at 10 -15 min, emphasizing the fitness of the bacterium to the intracellular environment. Infected cells loaded with bacteria die a few hours following infection. The precise mechanism implicated in Shigella-induced epithelial cell death has not been solved but appears to correspond to a proinflammatory necrotic death associated with mitochondrial membrane damages (Carneiro et al. 2009 ).
Filopodial Capture Sets the Stage for Bacterial Invasion
Shigella is a highly efficient invasive pathogen, because 100-1000 ingested bacteria were estimated sufficient to cause the disease. The high in vivo invasion efficiency is in contrast to the relatively poor efficiency of epithelial cell invasion modeled in in vitro cultured polarized intestinal cells. One factor limiting bacterial invasion is the absence of constitutive cell-binding activity. This lack of cell-binding activity probably stresses the bacterial fitness to the intracellular lifestyle, and perhaps underlines a strategy of invasion associated with a lack of exposure at the cell surfaces during the initial stages of the infectious process.
Although Shigella does not express adhesin that would allow constitutive cell-binding activity, during the initial steps of cell infection, only a minute fraction of bacteria interacts with epithelial cells to trigger their internalization. This peculiar characteristic is linked to a sampling of invasive bacteria by finger-like cell extensions protruding from the cell surface termed filopodia, corresponding to sensory organelles probing the cell environment to establish adhesion structures ( Fig. 2) (Romero et al. 2011) . The interaction between one bacterial pole and the filopodial tip triggers the retraction of bacteria-bound extensions toward the cell body in which invasion occurs. Bacterial capture by filopodia is dependent on the T3SA and appears to result from direct binding of the T3SA tip complex to unidentified receptors at the filopodial tip. Measurements based on optical tweezers indicate that a discrete numbers of T3SA are sufficient to promote filopodial retraction, with a strength that is comparable to that induced by several thousands of integrin ligands (Romero et al. 2012) . There is no evidence for active type III secretion during these initial events to pro- Filopodial capture and Shigella invasion at the apical side of polarized Caco-2 cells. Shown is a Z projection of confocal fluorescence images of Shigella-induced actin foci at the apical side of polarized Caco-2 cells. Red, anti-LPS immunostaining; green, Alexa488-phalloidin staining. Z sections were acquired via spinning-disk confocal microscopy. Scale bar, 5 mm.
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mote retraction. The discrete number of T3SA sufficient to promote retraction probably reflects elementary events at the filopodial tip regulating the dynamics of actin assembly on the few tens of filaments in the filopodial shaft. Bacterial-induced filopodial retraction results from inhibition of actin polymerization at the filopodial tip, and from the action of the treadmilling of actin filaments in the cell cortex that pulls the embedded filopodial actin shaft inward. Retraction is controlled by the MAP kinase Erk that also controls the dynamics of bacterial capture by filopodia. Filopodial capture is increased during Shigella invasion, leading to the internalization of multiple bacteria at a single invasion site (Romero et al. 2011 ).
Vacuolar Lysis
Following internalization, Shigella rapidly lyses the phagocytic vacuole. Time-lapse fluorescence microscopy using markers of the vacuolar membrane or using a FRET sensor to detect bacterial access to the cytosol, indicate that vacuolar lysis occurs in the continuation of the invasion process, within minutes following bacterial-cell contact (Ehsani et al. 2012) . Studies involving the complementation of mutants with orthologs from Salmonella typhimurium, an enteroinvasive bacterium that does not lyse, but replicates within an intracellular vacuole, point to a role for translocon components in vacuolar rupture (Hermant et al. 1995) , but the precise mech- 
Autophagy and Inflammation
On vacuolar rupture, membrane remnants act as danger signals that are controlled by the autophagic responses. Proteins contained in membrane remnants are polyubiquinated and recruit autophagic markers such as LC3, as well as the Nalp3, Asc, and Ipaf inflammasome markers (Dupont et al. 2009 ). By targeting the inflammasome markers to degradation, autophagy acts as a rheostat controlling the levels of danger signals emitted by bacteria invading the cell cytosol (Fig. 3) . Thus, during early phases of invasion, discrete events of vacuolar rupture controlled by the autophagic pathway may have a limited impact on inflammatory signals, in particular because T3S effectors also negatively regulate these signals (Ashida et al. 2011) .
At later stages, this balance may switch to a proinflammatory context, when the accumulation of invading bacteria and vacuolar membrane remnants overwhelm the autophagy machinery. Bacteria intracellular replication leads to cytosolic accumulation of PAMPs ( pathogen associated molecular patterns), such as muramyl dipeptide, which activates the NLR inflammasome. Increase in cytosolic calcium concentration leads to the activation of protease, such as calpain, and mitochondrial damage leads to the death of infected cells via a necrotic pathway (Fig. 3) (Carneiro et al. 2009; Bergounioux et al. 2012) .
As for many pathogens that use actin to move intracellularly, such as Listeria or Shigella, activation of autophagy may control intracellular replication. For Shigella, autophagy is associated with rings of septins, described as molecular scaffolds implicated in cell division (Mostowy et al. 2010 ). Septins form "cages" entrapping Shigella, preventing intracellular motility and targeting bacteria to autophagy. To counter autophagy, Shigella secretes the IcsB T3S effector that prevents Atg5 recognition of IcsA and bacterial degradation (Figs. 1 and 3) (Ogawa et al. 2005 ).
Cell-to-Cell Spreading
In vitro experiments, using reconstituted motility assays with purified proteins, show that IcsA is necessary and sufficient for Shigella motility. IcsA binds to N-WASP (neuronal Wiskott -Aldrich syndrome protein), which in turn, activates the Arp2/3 actin nucleator complex (Egile et al. 1999 ). In cells, IcsA-mediated bacterial motility is also controlled by tyrosine kinases, such as Btk or Abl/Arg that phosphorylate N-WASP and allow its recruitment at the bacterial surface (Burton et al. 2005; Dragoi et al. 2012) . Intracellular Shigella also recruits the TOCA-1 protein, necessary to relieve the autoinhibition of N-WASP (Leung et al. 2008) . Actin-based motility is favored by the action of the T3S effector VirA that prevents the assembly of microtubules representing potential physical obstacles (Yoshida et al. 2006) .
Although actin-based motility allows Shigella to probe its intracellular environment, it is not sufficient for bacterial spreading. Cadherin-based junctions are required for Shigella cell-to-cell spread, presumably by providing the machinery necessary for protrusion formation by the donor cell, and its endocytosis by the recipient cell in a process requiring the activity of the T3SA and myosin II (Sansonetti et al. 1994; Schuch et al. 1999; Rathman et al. 2000) . Recently, Shigella was observed to disseminate preferentially at multijunctions, corresponding to sites within the epithelium in which several cells intersect (Fukumatsu et al. 2012 ). Tricellulin, a marker of these multijunctions, has been involved in Shigella spreading, by participating in a noncanonical clathrin-dependent endocytic pathway (Fukumatsu et al. 2012) .
Preserving the Epithelium Integrity to Allow Dissemination
As mentioned earlier, increased loads of bacteria linked to intracellular replication and multiple invasion events will lead infected epithelial cells to undergo necrotic death. The death of infected cells, however, may be counterproductive for the infectious process if occurring too early. Through the action of injected T3S effectors, Shigella preserves epithelial cells' integrity by delaying cell detachment, thus increasing possibility to disseminate.
IpgD is a T3S effector that hydrolyzes phosphatidylinositol (PI) (4, 5) biphosphate (PIP 2 ) to generate PI5P. PI5P activates a cell-survival pathway dependent on the PI3 kinase and the Akt kinase (Pendaries et al. 2006) . Another T3S effector, OspE, binds to ILK (integrin-like kinase) to stabilize integrin-dependent attachment of the cell to the basal matrix ( Fig. 1 ) (Kim et al. 2009 ). Reinforcement of cell adhesion to the matrix may represent an important factor during infection, by preventing their clearing in the intestinal lumen (Kim et al. 2009 ).
Shigella also induces calcium signals during the early phase of epithelial cell invasion, leading to the opening of connexin hemichannels at the plasma membrane (Tran Van Nhieu et al. 2003) . ATP, released in the extracellular medium through the opening of hemichannels, signals in a paracrine manner to neighboring cells to enhance bacterial spreading, as well as invasion by stimulating Erk-dependent filopodial capture (Clair et al. 2008; Romero et al. 2011 ).
Silencing Inflammation and Danger Signals
Some constitutively expressed T3S effectors are up-regulated following activation of the T3SA and Shigella invasion (Parsot 2009 ). For these, it is possible that their activity is required early following the invasion process, as well as at later stages, during intracellular replication and spreading. Modulation of T3S effectors activity can occur consequently to endoproteolytic cleavage by Caspase 3 (Srikanth et al. 2010) . T3S effectors and translocon components can have multiple activities. For example, in addition to its role in translocation, IpaB participates in the pyroptotic death observed in macrophages, and dissolution of the Golgi observed during epithelial cell invasion (Fig. 1) (Mounier et al. 2012) . The disruption of the Golgi apparatus may impair processes such as exocytosis, involved in membrane receptor signaling, and the mounting of inflammatory responses. Along these lines, VirA shows GAP activity toward Rab1 and prevents the targeting of bacteria to autophagy, as well as the secretion of the proinflammatory cytokine IL-8 (Fig. 1) (Dong et al. 2012) . Six T3S effectors have been reported to directly or indirectly inhibit the activation of the proinflammatory transcription factor NF-k. OspF removes phosphothreonine residues on the p38 and Erk2 MAP kinases, preventing their activation (Arbibe et al. 2007; Li et al. 2007 ); OspG prevents the ubiquitinylation of IkBa and therefore its degradation, by targeting ubiquitinylated ubiquitin-conjugating enzymes (Kim et al. 2005) ; OspI deamidates Ubc13 to prevent its ubiquitin ligase activity and TRAF-6 signaling (Sanada et al. 2012) ; OspZ is related to the EPEC NleE T3S effector, that prevents NF-k translocation through the cystein methylation of ubiquitin chain-sensing protein (Newton 2010; Zhang et al. 2011) ; the IpaH proteins are E3 ubiquitin ligases. IpaH4.5 ubiquitinates the p65 subunit of NF-kB (Wang et al. 2013 ); IpaH9.8 promotes the polyubiquitination of NEMO/IkB kinase and its degradation (Fig. 1 ) (Ashida et al. 2010 ).
PART II. MOLECULAR INSIGHTS INTO SHIGELLA INVASION OF EPITHELIAL CELLS
The Shigella Mxi-Spa T3SA T3SAs are expressed by many of Gram-negative bacterial pathogens to mammals, fish, and plants (Mueller et al. 2008 ). These secretion systems are repressed under basal state conditions, and are activated on cell contact to allow the delivery of effectors, directly from the bacterial cytosol to the cell cytoplasm (Cossart and Sansonetti 2004; Münter et al. 2006; Matteï et al. 2011) . This inducible feature of the secretory activity may be an important reason for the wide representation of T3SAs in bacterial pathogens, because it allows the masking of virulence determinants to host defense systems and a cisacting activity of injected effectors. T3SAs present high levels of synteny, conserved structure, and function. These apparatus are related to flagellar systems and many of the general T3SS features have been inferred from studies on the Shigella T3SS.
The Shigella Mxi-Spa T3SA is composed of 21 different proteins forming a basal body embedded in the bacterial inner and outer membranes prolonged by a needle capped by a socalled "tip complex" (Blocker et al. 2008; Mueller et al. 2008) . As for flagella, the basal body consists of a series of rings formed by the oligomerization of different T3SA components. Structural evidence indicates that at basal state, the tip complex corresponds to a homopentamer of IpaD (Epler et al. 2012 ). On binding to deoxycholate, which may correspond to the bile salts enriched environment encountered by Shigella during transit in the intestinal lumen, IpaD switches conformation to allow the tip presentation of IpaB (Dickenson et al. 2011 ). On contact with host cells, IpaC is secreted and together with IpaB insert into the host-cell plasma membrane to form the "translocon," endowed with pore-forming activity and required for the translocation of injected effectors into the host cell cytosol.
How the tip complex senses host-cell membrane to trigger secretion remains an open question. Host-cell sensing has been proposed to involve interaction between IpaB and cellsurface receptors, such as hyaluronic acid receptor CD44. Interestingly, IpaD thought to connect IpaB and the MxiH-needle, also appears to control the various stages of secretion between early and late effectors on cell contact (Schiavolin et al. 2013 ). The precise mechanism controlling the switch from nonactive to active secretion following tip contact is not known. The change of configuration of the tip complex proteins associated with interaction with a cell-surface receptor may lead to the emission of signals, involving MxiC and perhaps a tip-to-base transduction of signals through change of configuration of MxiH (Blocker et al. 2008; Botteaux et al. 2009; Fujii et al. 2012 ).
The IpaB and IpaC Translocon Components and Tyrosine Kinase Signaling
Shigella invasion of epithelial cells is associated with the formation of actin-rich membrane ruffles at the site of bacterial contact that engulf the bacterium in a macropinocytic process. This invasion process is triggered by the cell-contactdependent injection of type-III effectors acting in concert to reorganize the actin cytoskeleton (Figs. 1 and 2) .
Invasion of epithelial cells was shown to depend on cholesterol-rich microdomains, presumably because they represent signaling platforms readily mobilized that are proficient for bacterial-induced cytoskeletal reorganization. Targeting of microdomains may occur through direct preferential binding of the IpaB translocon components to cholesterol, or through IpaB interaction with cell-surface receptors such as CD44, that triggers its mobilization to microdomains (Lafont et al. 2002) . On cell contact, IpaC is secreted and together with IpaB form the translocon within the host-cell plasma membrane, required for the injection of T3S effectors. In addition to its role in translocation, IpaC participates in the early stages of the invasion process by inducing actin polymerization. IpaC-mediated actin polymerization involves the recruitment and activation of the Src tyrosine kinase, which allows further amplification of actin polymerization and ruffle formation ( Fig. 1) (Mounier et al. 2009 ). During Shigella invasion, Src mediates the phosphorylation of cortactin, an F-actin binding protein that can promote Arp2/3 complex-dependent actin polymerization. Tyrosyl-phosphorylated cortactin is then recruited at the plasma membrane, via interaction with the Crk adaptor to amplify actin polymerization and membrane ruffle formation (Bougnères et al. 2004) . Tyrosine kinase signaling may also further allow the amplification of actin polymerization at invasion sites by acting upstream of the Rac GTPase. In addition to its role in the recruitment of cortactin, Crk was shown to be a target for Abl/Arg tyrosine kinases that are activated and required during Shigella invasion (Burton et al. 2003) . Because in other systems Crk has been implicated in the recruitment and activation of Rac, the Abl/Arg kinases may maintain and amplify Rac activation at entry sites (Vuori and Ruoslahti 1995) . Interestingly, Abl/Arg kinases are also activated downstream from Src kinases (Plattner et al. 1999) . Thus, tyrosine kinases via Crk may feed in a loop that amplifies signals and actin poly-merization leading to ruffle formation at Shigella invasion sites.
The Role of IpgB1 and IpgD in ShigellaInduced Actin Polymerization
Among the T3S injected effectors, IpgB1 has also been implicated in Shigella invasion of epithelial cells. IpgB1 belongs to the so-called "WXXXE" type-III effector family, formerly proposed to act as mimics of RhoGTPases, but for which there are structural and enzymatic activity evidence that this family rather corresponds to GEFs (guanosine exchange factor) for small GTPases ( Fig. 1) (Alto et al. 2006; Bulgin et al. 2010; Orchard and Alto 2012) . The picture is blurred by evidence that the same WXXXE effectors recruit GEFs for the GTPase. For example, IpgB1 first described as a mimic for Rac, may also recruit the ELMO-Dock180 complex with GEF activity toward Rac (Handa et al. 2007 ). Rac activation leads to actin polymerization mediated by the activation of the Arp2/3 nucleator complex. Although it is clear that Rac-dependent actin polymerization occurs in the absence of IpgB1, IpgB1-mediated activation increases ruffle formation at entry sites (Mounier et al. 2009 ).
IpgD also participates in the induction of membrane ruffling at Shigella invasion sites, although its precise mode of action is unclear. PIP 2 -binding proteins are involved in the anchoring of cortical actin to the plasma membrane. Through PIP 2 hydrolysis, IpgD may help free cortical actin to favor de novo polymerization at invasion sites ( Fig. 1) (Niebuhr et al. 2000) . It is possible, however, that IpgD participates through different means in Shigella invasion. The Salmonella ortholog SopB/ SigD, also hydrolyzes PIP 2 . SopB, however, was also shown to act as an inositolpolyphosphate (InsP) phosphatase leading to the production of InsP 4 , shown to stimulate Rac-dependent membrane ruffling (Zhou et al. 2001 ). More recently, SopB has been involved in the activation of the Abi/Wave complex through the stimulation of PIP 3 production and the activation of the ARNO GEF. SopB activity may synergize with that of the SopE GEF for Rac to produce actin polymerization, or alternatively act in a SopE-independent pathway to induce bacterial invasion in a myosin-II-dependent process (Hänisch et al. 2011; Humphreys et al. 2012 ).
The Role of IpgB2 and IpaA in ShigellaInduced Cytoskeletal Reorganization Although Rac and actin polymerization are required for ruffle formation and the initiation of Shigella invasion, Rho activation appears to be required for the recruitment of components such as ezrin, involved in later stages of the invasion process (Duménil et al. 2000) . Other lines of evidence implicate Rho at later stages of Shigella invasion through the action of two injected T3S effectors, IpaA and IpgB2 ( Fig. 1) (Alto et al. 2006; Demali et al. 2006; Klink et al. 2010) . IpaA binds to the focal adhesion protein vinculin via its carboxy-terminal domain that mimics talin (Izard et al. 2006) . Talin is also a component of adhesion structures that binds to the cytosolic domain of the integrin b1 subunit and activates vinculin. Following activation, vinculin unfolds and its carboxy-terminal domain associates with actin filaments. The talin -vinculin interaction is used by cells to reinforce cytoskeletal anchorage to integrin receptors (del Rio et al. 2009; Parsons et al. 2010 ). In the absence of classical receptor-ligand interaction explaining how Shigella recruits focal adhesion proteins, it is possible that signaling occurs through injected IpaA. Consistent with its vinculinbinding activity, IpaA allows the anchorage of bacteria within membrane ruffle (Tran Van Nhieu et al. 1997) . Surprisingly, however, not only does IpaA promote this bacterial anchorage activity, but IpaA also permits the depolymerization of actin filaments during the completion of the invasion process (Bourdet-Sicard et al. 1999) . The mechanism underlying IpaA-mediated actin depolymerization is still unclear. The amino-terminal part of IpaA has been proposed to induce the activation of Rho by an undefined mechanism which, together with IpaA-mediated inhibition of talin association with b1 integrin, leads to the disappearance of actin stress fibers (Demali et al. 2006) . IpaA in association with vinculin was also shown to regulate the dynamics of actin polymerization/depolymerization by partially capping the barbed end of actin filaments (Ramarao et al. 2007 ).
IpgB2, first described as a Rho mimic, may also activate Rho through its GEF activity, or through the activation of GEF-H1 (Alto et al. 2006; Fukazawa et al. 2008) . A role for IpgB2 in Shigella invasion is observed in polarized but not in nonpolarized cells and only in combination with IpgB1 (Hachani et al. 2008) . Because polarized cells differ from nonpolarized cells by the establishment of cell -cell junctions, it is tempting to speculate that the combined action of IpgB1 and IpgB2 serves to regulate Rac-and Rho-dependent junctional structures such as cadherin-based junctions (Harris and Tepass 2012) . How precisely initial events leading to bacterialinduced actin polymerization during Shigella invasion are triggered is not known. There is evidence indicating that this early signaling is directly linked to insertion of the translocon in the plasma membrane. First, although inactivation of the above-mentioned injected T3S effectors only lead to a partial decrease of bacterial invasion, mutations in the translocon component IpaC that does not prevent effector translocation totally abolishing bacterial-induced actin polymerization and Shigella uptake (Mounier et al. 2009 ). Interestingly, Shigella induces calcium responses localized at the site of bacterial invasion that, unlike bacterial-induced global calcium responses, are required for actin polymerization at entry sites (Tran Van Nhieu et al. 2013 ). These calcium responses can occur in the absence of extracellular calcium and are elicited by InsP 3 -mediated release of intracellular pools, in a process implicating PLC-b1 and PLC-d1. As for actin polymerization, Shigella-induced InsP 3 -mediated signaling does not appear to depend on injected T3S effectors, and is totally abolished in mutants for the translocon component IpaC (Tran Van Nhieu et al. 2013) . As described for pore-forming toxins, insertion of the Shigella translocon in the plasma membrane may lead to the destabilization of lipid bilayers leading to the activation of PLCs, that hydrolyze PIP 2 to induce InsP 3 -mediated signaling (García-Sáez et al. 2011) . Future works will be required to investigate the relationship between this Insp 3 -mediated signaling, tyrosine kinase activation, and stimulation of Rac-dependent actin polymerization during Shigella invasion.
CONCLUDING REMARKS
Shigella can be considered as a primitive, poorly evolved pathogen because it invades the colonic mucosa, without persisting in deeper tissues, and elicits an intense inflammation and tissue destruction that may kill its host. We propose a scheme where Shigella invasion occurs at discrete sites of the intestinal epithelium, timing its intracellular replication to ensure spreading before the death of the primary infected cell. This discrete route of invasion plants the seeds leading to the massive inflammation and tissue destruction observed at the late stages of infection.
In this article, we have focused on intestinal epithelial cells as the spreading ground for this pathogen. Clearly, this is a reductionist view, as the role of other players such as macrophages and M cells, Paneth cells secreting defensins, or the enteric nervous system, shown to be important in the control of Shigella infection has not been developed. While compared with other pathogens, the invasion and destruction of the colonic mucosa could appear as a reflection of a primitive adaptation to its host, the extent of sophistication developed by Shigella through the action of multiple effectors dedicated to the timely subversion of host-cell processes keeps revealing facets of the complexity of the infectious process.
